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ABSTRACT

Deep UV-induced modification of the refractive index of polymers is a useful technique for low cost realization of
integrated optical circuits for telecommunication und sensor applications. The combination with replication techniques
like injection molding and hot embossing give the capability of a monolithic integration of these waveguide structures in
optical or fluidic microsystems. In addition the hybrid integration of these integrated optofluidic microsystems with
organic or inorganic photodiodes will open up the possibility to development novel, cheap, disposable integrated optical
sensors for environmental, chemical and biological monitoring.
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1. INTRODUCTION

Practical applications for ionizing radiation induced modification of polymer materials have been evolving for many
decades. Photoreactions are successfully applied to control the solubility, the polarity, the surface energy and
mechanical strength of polymers [1]. The use of these and other processes has grown and they are widely practiced
today. The UV induced change of the refractive index has been extensively exploited in the fabrication of fibre Bragg
gratings in photosensitive glass [2, 3]. As well the photo-induced refractive index change in oxide glasses is used to
fabricate optical elements such as channel waveguides by the use of direct laser writing [4, 5, 6]. Only a few
publications are available about the intrinsic radiation induced modification of the optical properties of polymers for the
fabrication of planar waveguide circuits. Bosc et al. showed that polyvinylcinnamate (PVCi) undergoes a [2+2]
cycloaddition under UV irradiation, which leads to a reduction of the refractive index np by approximately 0.02, which
is sufficient to produce waveguides [7, 8]. Furthermore it is known that the refractive index of poly(diethylene glycol
bis(ally carbonate)), common name CR 39, increases on irradiation with y—rays or ion beams [9]. For ion beams, the
increase can be sufficient to produce optical waveguides. Furthermore, silicone polymers with dithienylethylene
moieties along the main chain were reported to give large refractive index changes (np=0.04) upon UV irradiation [10].
Poly(4-vinylbenzyl thiocyanate) (PVBT) and a copolymer of styrene and 4-vinylbenzyl thiocyanate (PST-co-VBT)
show also large refractive index change in the range of 0.03, which is applied to obtain volume gratings in polymer
films [11].

An extremely useful class of low cost thermoplastic polymers, which exhibit a significant increase in refraction index
through application of ionizing radiation, such as ion and deep ultraviolet (DUV) radiation, are methylmethacrylate
polymers. It was shown that optical waveguides can be created in polymethylmethacrylate homopolymers (PMMA) by
ion [12, 13] and deep ultraviolet (DUV) radiation [14, 15]. Koo et al. synthesised a crosslinkable copolymers of
poly(methylmethacrylate/2-methacryloylethylmethacrylate) (P(MMA/MAOEMA)) for waveguide applications [16, 17].
P(MMA/MAOEMA) can crosslink under either UV exposure or heating. The UV-induced refractive index change in
unreacted P(MMA/MAOEMA) is found to depend on the fluence. UV exposure of thermally crosslinked
P(MMA/MAOEMA) can induce further structural change and thus refractive index change, and therefore, was found to
be useful for creating the core layers in optical waveguides.

In this paper, we report on recent progress for realizing integrated optical circuits, which uses the DUV-induced
refractive index modification of methylmethacrylate polymers. In order to control and optimize the properties of the
UV-induced waveguide fabrication process, a thorough understanding of the radiation induced processes and resulting
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physical and chemical properties of the modified material is essential. Thus, besides investigation of the waveguides by
various optical characterization methods such as m-line-spectroscopy, near-field measurements, or cut-back method, a
fundamental study using spectroscopic methods (IR- and UV-VIS-spectroscopy) and differential scanning calorimetry
(DSC) has also been carried out, with the aim of gaining a better understanding of the structural modifications caused by
irradiation of the used materials. The parameters for waveguide fabrication were optimized by changing the exposure
spectra and primary methylmethacrylate polymer properties, like molecular weight, copolymer composition and process
environmental condition.

The photo-induced waveguide fabrication has several advantages with respect to other methods because only a single
polymer layer is required, due to the waveguide depth which is limited through the modification depth of the deep UV
light. Thus, the single polymer layer serves as substrate and waveguide as well and no further etching, development step
or filling with higher index polymer is needed. The possibility of structuring channel waveguides with periodic index
perturbation allows the fabrication of Bragg gratings for narrow band waveguide filters. The combination with
replication techniques like injection molding and hot embossing give the capability of a monolithic integration of these
waveguide structures in optical or fluidic microsystems. In addition the hybrid integration of these integrated optofluidic
microsystems with organic or inorganic photodiodes will open up the possibility to develop novel, cheap, disposable
integrated optical sensors for environmental, chemical and biological monitoring.

2. PHOTOCHEMICAL MATERIAL MODIFICATION

Although extensive research is reported on photochemistry on methylmethacrylate polymers [18-22] it appears rather
difficult to extract reliable information from the literature for a fundamental understanding of photochemical processes
which influence the refractive index modification. This may, in part, be caused by the fact, that the materials may
contain impurities or co-monomers that intervened in photochemical reactions. If absorption by impurities or co-
monomers contributes essentially to the initiation of chemical changes, the photochemistry changes remarkably
compared to photoinduced reactions of a pure polymer. To understand and to optimize the process of structural
modification with respect to waveguide generation, we investigated photoinduced chemical reactions of different homo-
and copolymers of methylmethacrylate in air or vacuum.

2.1. EXPERIMENTAL

For deep UV-modification, two commercial UV-exposure equipments were used. One is a flood exposure system
UVAPRINT CM (Dr. Héhnle GmbH) with a 100 W/cm mercury xenon arc lamp (F-Lamp, Dr. Honle GmbH) combined
with a cold mirror with reflectance in the range of 220 nm - 420 nm. The other is a commercial maskaligner EVG 620,
(EV Group) operate in a deep UV configuration. The investigated methylmethacrylate polymers types are Hesa@Glas,
an industrial homopolymer from Notz-Plastic and PMMA 950 K, a pure homopolymer from MircoChem Corporation.
Furthermore alicyclic methacrylate copolymers, which are obtained from Hitachi Chemical Co., Ltd. as OPTOREZ-
Series (OZ-1000, 1100, 1310 and 1330) have been investigated [33, 34].

2.2. Influence of Exposure Spectra and Process Atmosphere

UV absorbance spectra of films on a quartz disk, before and after irradiations, were obtained with a Perkin-Elmer
Lambda 2 UV-VIS-spectrometer. This spectra were measured in transmission on a quartz disk after different irradiation
doses. Irradiation was performed in ambient air and vacuum. Figure 1 shows a typical absorbance spectrum of a
methylmethacrylate polymer. The increasing absorption peak below 200 nm is consistent with the generation and
reaction of unsaturated bonds, which are also determined by Raman spectroscopy. This peak is due to a 7—x" transition
of C=C bonds [18, 21]. In air this absorption peak decreases for an irradiation dose higher than 2.16 J/cm?. This
indicates the oxidative decomposition of the unsaturated bonds. At incident wavelengths above 220 nm, the wavelength
region where photo degradation takes place, the optical penetration depth rapidly decrease with increasing irradiation
dose to some few micrometers. This means that a few micrometer thin surface layer can be modified in a thicker
polymethylmethacrylate bulk layer with a higher refractive index. The increasing branch of the absorption peak to
longer wavelengths is essential for single mode waveguide fabrication, since the penetration depth of the UV-light must
fall under a certain value to guarantee single mode propagation. Therefore not only the refractive index increase
determines the necessary irradiation dose, but also the existence of a certain threshold dose, which must be exceeded to
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guarantee a thin enough modified layer for single mode propagation. The UV spectra of the copolymers show
qualitatively similar features to those of pure polymethylmethacrylate [34].
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Figure 1: UV absorption spectra of a 3 um thick PMMA 950 K film after different irradiation doses (measured at 240 nm) in
ambient air (left) and vacuum (right).

In order to control and optimise the UV-induced refractive index depth profile the influence of the emission spectra of
the exposure systems was investigated. Figure 2 shows the emission spectra of the used UV-exposure equipment
UVAPRINT CM and EVG 620. Also a typical absorption spectra of a methylmethacrylate polymer (OZ-1100) with
different exposure doses is depicted. Since the UV emission spectrum of the EVG 620 exposure system has a relatively
high intensity at wavelength where the polymer absorbs strongly (220-260 nm), the UV light can more efficiently
initiate photochemical reaction in a surface layer, compared with the UVAPRINT CM setup. The shorter wavelength in
the EVG 620 spectrum compared to UVAPRINT CM spectrum results in a smaller penetration depth of the light and
causes therefore a more pronounced near surface modification.
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Figure 2: Spectra of light sources (UVAPRINT CM and EVG 620) and UV absorption spectra of OZ-1100 with different exposure
doses.
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Since the depth of the waveguide is controlled by the penetration depth of the deep UV light into the polymer the
influence of the different emission spectra of the used exposure system on the mode spectra of the effective index are
investigated. In Figure 3 typical variations of the effective refractive index as a function of irradiation dose for the
different exposure spectra are shown. The effective refractive indexes of planar waveguides made of Hesa@Glas were
measured by using a self-made prism coupler arrangement at 633 nm. In both cases with increasing dose more and more
modes are able to propagate. In the case of the EVG 620 setup only the fundamental mode is able to propagate up to an
exposure dose of 5 J/cm?. For the UVAPRINT CM setup no single mode region could be found. No birefringence can
be found in the range of the measurement resolution of 10™. After annealing the samples at 70°C for 15 h the mode
spectra remains unchanged. Independent of environmental condition (air/vacuum) during modification, the investigated
methylmethacrylate polymers types show comparable behaviour, but slightly different dose dependences. The necessary
irradiation dose for waveguide fabrication lies in a range of a several J/cm?, which is a factor 1000 less than for the
fabrication of waveguides in oxide glasses by direct laser writing [23].
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Figure 3: Effective refractive index at 633 nm as function of irradiation dose. The indices TE or TM indicate transversal electrical
or transversal magnetic polarization. (left) UVAPRINT CM (right) EVG 620.

2.3. FTIR Spectroscopy

FTIR spectra were recorded with a Brucker IFS 48V Fourier-transform infrared spectrometer. The corresponding FTIR
spectra of the PMMA 950 K and an alicyclic methacrylate copolymer OZ1100 films are shown in Figure 4. With an
increasing dose, the carbonyl band in the pendant group (-COOCHj;) of all methylmethacrylate polymers at around 1735
-1750 cm™ decreases and shifts towards higher absorption frequencies, indicating a change of the chemical
environment. Furthermore the C-H stretching and bending absorption bands at 2847-2931 cm™ and 1500-1350 cm™ and
the C-O stretching bands at 1270-1150 cm™ decrease substantially. This behaviour is consistent with literature and was
explained to a removal of the ester side group followed by a main chain scission or the generation of unsaturated bonds
in the polymer chain [18-22]. The alicyclic methacrylate copolymers show similar characteristics, indicating similar
dominant photochemical processes. The dominant process is furthermore the cleavage of pendant methylester groups
(side chains) followed by the generation of C=C double bonds in the polymer chain. It is well known that the high molar
refraction of a C=C bond results in a higher refractive index compared to C-C bonds [24]. However, during photolysis
in ambient air, photo oxidation products can be detected in form of hydroxyl groups at 3500 cm™. The absorption peaks
do not vanish even when annealing the samples at 100°C. For waveguide fabrication it is very important to avoid these
oxidation products, because higher order modes of OH-vibration increase the absorption of the waveguides in the
optical window for waveguide application at 1550 nm. The oxidation products can be avoided by exposure in an inert
gas atmosphere or vacuum. The characteristics described here are independent of the material used. The possible
reaction paths are summarized in Figure 5.
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